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What’s up?

● What are the gauge-dependent correlation 
functions in a fixed gauge?

● Should be the same for every method, up to 
approximations!

● Extensively studied for Landau gauge
● Lattice, various functional methods, effective 

theories
● Persistent discrepancies

● Got better over time, but still problems remain
● Can only agree in the same gauge – is it the 

same gauge?
● Gribov-Singer ambiguity
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Configuration space (artist's view)

● Gauge freedom: Choice of 
internal coordinate system

● Fields and most correlation 
functions change under 
gauge transformations

● Requires a choice of 
gauge/coordinate system

● Indirect by condition on the 
gauge fields

● Local condition in 
perturbation theory

● Here: Landau gauge
● Reduces configuration 

space to a hypersurface

∂
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(Perturbative) Landau gauge

● Condition can be implemented using auxiliary 
fields, the ghost fields

● Lagrangian:

● Degrees of freedom: Gluons      Ghosts
● Not physical objects
● Pure mathematical convenience
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Unique gauge-fixing [Sobreiro & Sorella, 2005]

● Local gauge condition
● Landau gauge:

● Sufficient for perturbation theory
● Insufficient beyond perturbation theory

● There are gauge-equivalent configurations: 
Gribov copies [Gribov NPB 78]

● No local gauge conditions known to select a 
unique gauge copy: Gribov-Singer ambiguity 
[Singer CMP 78]
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Residual freedom

● Leaves the non-perturbative gauge freedom to 
choose between gauge-equivalent Gribov copies

● Set of Gribov copies, in general not continous
● Residual gauge orbit

● Definite prescription required to resolve the Gribov-
Singer ambiguity

● No unique prescription how to complete Landau 
gauge non-perturbatively

● No possibility using a local condition
● Construct non-local conditions

● Choice: Leave the global color symmetry unfixed
● Method: Lattice



First horizon gauges
[Gribov NPA 78, Zwanziger 93...03]



Gribov horizon● Gribov horizon encloses all 
field configurations with 
non-negative Faddeev-
Popov operator

● Convex and bounded

−∂

D



First horizon gauges
[Gribov NPA 78, Zwanziger 93...03]



Gribov horizon● Gribov horizon encloses all 
field configurations with 
non-negative Faddeev-
Popov operator

● Convex and bounded

● All gauge orbits pass 
through this region

● Many Gribov copies

−∂

D



First horizon gauges
[Gribov NPA 78, Zwanziger 93...03]



Gribov horizon● Gribov horizon encloses all 
field configurations with 
non-negative Faddeev-
Popov operator

● Convex and bounded

● All gauge orbits pass 
through this region

● Many Gribov copies
● Flat average over all Gribov 

copies in this region: 
Minimal Landau gauge

−∂

D



First horizon gauges
[Gribov NPA 78, Zwanziger 93...03]



Gribov horizon● Gribov horizon encloses all 
field configurations with 
non-negative Faddeev-
Popov operator

● Convex and bounded

● All gauge orbits pass 
through this region

● Many Gribov copies
● Flat average over all Gribov 

copies in this region: 
Minimal Landau gauge

● Literally on the lattice:
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The problem

● In functional methods the cut-off at the 
boundary is not implemented

● Effectively average over all Gribov regions
● Various arguments exist to support this, but 

all either ad hoc or approximate
● Can this be true?

● If not, then functional results and lattice 
results may be both correct, but not agree

● Just two gauges, and the difference is gauge-
dependence

● Two tests
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Test 1: Quantum effective action

● Derivation of functional equations 
assume the reconstruction theorem

● The quantum effective action is an 
analytical function of the classical fields

● Alternatively: Free energy is an analytic 
function of the sources

● Is this correct?
● Unlikely: Implies necessarily a vanishing 

gluon propagator at zero momentum on the 
lattice

● At odds with lattice results

[Zwanziger’13] 

[Cucchieri et al.’07, von Smekal et al’07] 
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Lattice results

Fit: 

The quantum effective action is not an analytic functional!

c (√1+(aj)2−1)

Maximum field amplitude:
Cut-off at the Gribov horizon

Legendre transform of the fit
Singularity

[Maas & Zwanziger’14] 
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Test 2: Ghost DSE

● If the continuum functional equations 
are in the same gauge, the lattice 
results need to fulfill them

● Up to lattice artifacts
● Need all elements from the lattice
● Simplest case: Ghost DSE

● Ghost propagator, gluon propagator, ghost-
gluon vertex

● Possible also for other equations
● Link DSE shows similar results [Sternbeck et al.’15] 
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Determine a mis-function

Self-energyTree-level

Continuum structure, lattice input

Would be zero, if the lattice results solve the continuum DSE

f f (p)=
1

(p2Dlattice(p))
+1−Π(p)

Π(p)=
c

p2
∫dd qΓμ

tl lattice
(p ,q)Dμ ν

lattice
(p+q)Dlattice(p)Γν

lattice
(p ,q)

Ghost DSE

Question can be 
recast as ratio:

1
1−Π( p)

p2Dlattice(p)
=
?

1 =
?

1
1−f (p)−Π(p)

p2Dlattice( p)

[Maas’19] 
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Lattice results

Agreement at large momenta

Substantial disagreement at low momenta

Misfunction form:

f (p)=r
1−(p /b)e

1+(p /c)2e

Same effect in 4 dimensions
...and in 2 dimensions!

[Maas’19] 

[See also Maas’14] 
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Summary

● Minimal Landau gauge is probably not reproduced 
in continuum calculations

● No comparability (at least in the far infrared) 
between lattice and continuum!

● Does not invalidate either results
● But opens up more questions on results in family 

of Landau gauges

● The misfunction needs to be a ghost/anti-ghost-
dependent term in the gauge-fixing Lagrangian!

● Should be reconstructable/derivable somehow
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